Abstract. Mandible length was found to be correlated with median prey size captured by tiger beetle species in Sulphur Springs Valley, Arizona, USA. Base resource measurements of live arthropod prey showed a relatively narrow size range (1-10.4 mm) on pond edges and a broad size range (1-30.4 mm) in upland grassland habitat within the valley. Ten of 11 tiger beetle species sympatric on the pond edge habitat showed considerable convergence in mandible length, likely in response to the narrow prey size available. The 6 grassland species, however, fit into 3 distinct size classes, 2 species in each size class. On a given grassland site, normally no more than 1 species from each size class was present. The ratio of mandible lengths for sympatric species in the grassland habitat was consistently ? 1.35, which corresponds to Hutchinsonian ratios. Preliminary comparisons of sympatric tiger beetles from Canada and East Africa showed divergence but with a lower ratio (1.24-1.27).
INTRODUCTION
Character divergence can be interpreted as an evolutionary response to competition. Sufficient divergence of morphological characters is thought to reduce the negative effects of competition to permit co-occurrence. Several investigators have further suggested that there exists a general limit to how similar 2 competing species can be and still co-occur. Hutchinson (1959) and Schoener (1965) calculated a mean ratio of 1.3 and 1.15 respectively between measurements of foraging apparatus in sympatric congeners. Wilson (1975) , using a model derived from MacArthur (1972), predicted that character divergence based on food size should be rare in predaceous arthropods. Indeed, among insects, which make up 3/4 of the multicelled animal species of the world, these patterns have rarely been described. Even Hutchinson (1959) , who initiated his ideas of limiting similarity from observations of corixid bugs, could not apply his ratio to the corixids or any other insects and was forced to use avian and mammalian examples. The few sympatric insects that have been shown to exhibit differences in characters that suggest divergence include: dragonfly larvae (Moore 1964 , Pritchard 1965 ), tenebrionid beetles (Hamilton 1971) , Chaoborus larvae (Stahl 1966 , Fedorenko 1975 , Swift and Fedorenko 1975 , tropical butterfly larvae (Young 1972 vergence and the applicability of Hutchinson's model for limiting similarity in several assemblages of congeneric tiger beetle species (Coleoptera: Cicindelidae). We will show that mandible lengths among sympatric species are not random, and will specifically test if divergence, as reflected in Hutchinsonian ratios, is greatest among sympatric tiger beetle species occurring where food is rare.
The family Cicindelidae is well known taxonomically and contains 91 species and >160 recognized geographical races in North America north of Mexico (Willis 1968 , Norman L. Rumpp, personal communication). All North American adult cicindelids are predatory on small, living arthropods, although some will occasionally scavenge. All species of the 4 North American genera are terrestrial. Adults of the most common genus, Cicindela, are mainly diurnal. They are visual hunters and make quick, decisive movements using their long legs. Their large mandibles are used in capturing and processing food. Prey must usually be moving to be captured by tiger beetles (Friedrichs 1931, Swiecimski 1957). Larval tiger beetles live in vertical burrows in the ground and are also predatory, but they are not treated here.
STUDY AREA
The Sulphur Springs Valley of southeastern Arizona has been isolated geologically since the latter part of the Pleistocene and is primarily an area of internal drainage (Meinzer and Kelton 1913 During the rainy season, large parts of the playa are covered by a shallow (1-4 cm) layer of water. Windbuilt sand and clay areas are characteristic of the area southeast of Willcox odn the northeast edge of the playa. This area has scattered ridges and hills up to 15 m high and several km long. The ridges are separated from one another by ponds and depressions that fill with water during the rainy season. Because of the clay substrate, the water is held for a relatively long time in these temporary ponds. A large (30 ha) manmade recreational pond with permanent water was also present 5 km south of Willcox. Extensive areas of grassland dominated by Distichlus stricta and Hilaria mutica stretch from the ridged area to the mountainsides surrounding the valley.
Emergence and activity for all the species included in this study are dependent on rains and soil moisture. Most of the species occurred only near standing water or on muddy soil, and as many as 11 species and hundreds of individuals could be found concentrated on the edge of the same temporary pond (x = 16.07 ind/100 M2; N = 1044 censuses). Individuals of other species, however, were widely dispersed over broad areas of grass (Distichlus stricta, Hilaria mutica) habitat many km from the nearest pond or standing water (x = 2.6 ind/100 M2; N = 165 censuses), and a few species could be found over a large continuum of habitats (Rumpp 1977 Short-term studies on additional tiger beetle assemblages were conducted along the Galena River in Kenya and in the Fox Valley Sand Dunes, Saskatchewan, Canada.
MATERIALS AND METHODS
Mandibles are the primary food-gathering apparatus in tiger beetles and thus an obvious character to examine for evidence of competitive divergence. We collected beetles from 10 different locations, including both grassland and pond edge sites, and measured left mandible length, body length, and mandible gape. Mandible length was measured from the point of articulation to mandible tip (chord) using a dissecting microscope eyepiece micrometer; body length was measured from the anterior edge of the frons to the apex of the closed elytra. The gape of live individuals was measured by spreading their mandibles across a set of tightly packed index cards. A caliper was used to measure the width of the maximum number of cards over which the mandibles extended. Only beetles with mandibles that were undamaged or not noticeably worn were included in the study.
In order to correlate prey size with mandible size, representatives of 8 tiger beetle species were collected for use in feeding trials. An individual of each tiger beetle species was deprived of food for 48 h and then placed in a clear plastic container (base diameter = 4 cm) with a layer of moist paper on the bottom. Each tiger beetle was offered an insect prey from 1 of 17 size (length) classes, again deprived of food for 48 h, and then offered an insect prey from a different size class. This procedure was continued in a random order until several individuals of each species had been offered a prey item from each prey size class. When a prey item was captured and ingested, its size and handling time were noted. If it was rejected, prey from consecutively smaller size classes were offered until one was accepted. If none was accepted, the trial was not included in calculation of median prey size. The 48-h period of food deprivation was sufficient to ensure digestion of previously captured prey but was not so long as to cause starvation. Since hardness of prey exoskeleton deterred some tiger beetles and increased handling time in others, hard-bodied prey items like small carabid beetles were not used in these and subsequent feeding trials. All trials were conducted between 0900 and 1500 h under shaded but natural ambient temperatures.
A 2nd set of feeding experiments was also conducted. We simultaneously offered 1 prey item from each of 5 major size classes to a tiger beetle deprived of food for 48 h. The size of the prey item attacked was noted. If the tiger beetle did not accept any prey item within 15 min, the results were not included. Ten replicates were conducted for each tiger beetle species.
During July and August of 1976 and 1978, base rsource abundance was measured at major sampling sites using both plastic sheets (10 x 15 cm) placed on the ground and covered with "Tack TrapTM" (see Simon 1975) and pitfall traps (Carolina Biological Sup- ply, No. 65-4130; upper diameter = 10 cm). Arthropods caught in these traps were counted and measured using a dissecting scope with an eyepiece micrometer. Field observations with close-focusing binoculars were also made to determine if tiger beetles were feeding on the same insect species as caught in the traps. Censuses along measured transects were conducted regularly in 4 habitat types: temporary and permanent pond edge, Willcox Playa surface and grassland areas. We used close-focusing binoculars and included only active individuals, usually between 0800 and 1200 h.
RESULTS
Although shape (e.g., curvature) of mandibles ( Fig.  1 ) and body size (leverage and wt to overpower larger prey) could affect competitive advantage independently of mandible length, we established that gape ( Fig. 2 ; r2 = .913) and body length ( Fig. 3 ; r2 = .785) are directly correlated with mandible length (chord) for these Arizona tiger beetles. As a result, we were able to limit our analysis to the latter character, which could be readily measured on dead or live specimens.
To establish a relation between mandible length and prey size, we combined field observations and laboratory feeding experiments. Field observations indicated that these tiger beetles will attack and consume most arthropods on the ground which are not too large to be subdued. During our observations, the only (Table 2) reinforce the data from the 1st set of feeding experiments. They also show that even when tiger beetles are stressed by hunger and might be expected to be the least discriminate in food type or size, definite correlations between mandible size and prey size are maintained.
Prey abundance and size range were measured at several sites within each of the 4 major habitat types: (1) grassland, (2) temporary pond edge, (3) permanent pond edge, and (4) playa (Fig. 4) . Prey were most abundant but narrowest in size range on the permanent pond edge. In the grassland habitat, prey were rarer but also exhibited the broadest size range of all the habitat types. The temporary pond edges had few prey, and they were of a relatively narrow size range. The playa had few live prey, but many dead items accumulated around the wet areas, evidently as fallout from nocturnal flights.
By experimentally placing live insects of different sizes on a sticky trap, we found that the larger insects (>13 mm) were often capable of extricating themselves. The pitfalls, however, more reliably captured these larger prey items.
A null hypothesis of random distribution and co-occurrence among tiger beetle species and sizes would predict no obvious pattern of sympatry. An alternate hypothesis of divergence due to competition for foRd would predict sympatry of species with dissimilai mandible sizes. Furthermore, if competition is an important selective pressure in this assemblage or any of its subsets, and if food is a limiting resource, character divergence as an evolutionary response should be most obvious where food is the rarest and yet of a size range that it can be effectively subdivided. A comparison of the 6 grassland species (Fig. 5) showed a considerable overall range of mandible lengths that were grouped together into 3 pairs of similar-size species (large = Cicindela obsoleta and C. pulchra; medium = Cicindela horni and C. nigrocoerulea; small = Cicindela debilis and C. lemniscata). There was a Significant difference in mandible length between species of different size classes (P < .05) except for C. debilis and C. nigrocoerulea (P < .15). Predominantly only 3 of these species ( from each size class) occurred together in any single grassland site (Table 3) . Cicindela obsoleta, C. horni, and C. debilis regularly co-occurred at the higher elevation sites on mountainsides surrounding the valley. Cicindela pulchra, C. nigrocoeruleaw, and C. lemniscata occurred together regularly in wetter areas with some standing water in the lower valley. However, seasonal exceptions to this distribution did exist. Cicindela horni and C. nigrocoerulea or C. debilis and C. lemniscata were occasionally found together, but invariably in places with abnormally high amounts of water in the grasslands such as stock ponds or gulleys immediately following a flash flood. As these moist areas dried up, the similar-size species were found less and less frequently together. Cicindela obsoleta and C. pulchra rarely occurred together at any time. Cicindela nigrocoerulea was the only grassland species to occur on pond edges as well. Of the 165 censuses made in -grassland habitats, species pairs of the same size class were found together an average of 4.7 of the censuses vs. 12.6 for the rest of the species pairs (X2 = 15.9; P < .001).
A similar comparison of the 12 species from the permanent pond edge (Fig. 6) showed considerable convergence in mandible length. The smallest species, Cicindela viridisticta, had a mandible length that was significantly different (P < .5) from all but 3 of the other pond-edge species. Of the remaining species pairs compared (Table 4) only 34.6% were significantly different (P < .5). All of these species occurred on the edges of temporary ponds as well, except Cicindela willistoni, which was found consistently only on the playa. Field observations of foraging tiger beetles in these habitats showed that natural prey included those species captured on the sampling traps except on the playa where numerous large, dead insects were scavenged.
Hutchinsonian ratios were calculated for species, occurring together on pond edges and in the grasslands (Table 4) a size class were not sufficiently different to meet this mimimum ratio. The pattern was not consistent, however, among the pond edge species. One (C. viridisticta) had a ratio of -1.54 with each of the other pond edge species, but 3 species (Cicindela nevadica, Cicindela tenuisignata, and Cicindela sedecimpunctata) had mandible ratios of ? 1.35 with only the tiny C. viridisticta. To test if the abundant resources associated with the permanent pond were part of the explanation for the co-occurrence of so many similar-size species, we predicted that divergence should be more common among species on temporary ponds, where resources are considerably rarer and thus more likely limiting (Fig. 4) than on permanent ponds. These pond edge species should sort out so that principally those species with compatible mandible ratios are most frequently sympatric. Because of the narrow prey size range, we defined compatibility to be a man- (Table 5) showed no distinct pattern to validate the prediction. The most commonly sympatric species pair (foraging within 20 cm of the water's edge on the same pond) with a mandible ratio > 1.2 (Cicindela marutha and C. punctulata) was seen together only 14 times or 1.3% of all the censuses. By mandible ratio, C. tenuisignata, C. nevadica, and C. sedecimpunctata should have been the least likely to be found together, yet in as many as 28.6%o of the censuses these species were present at the same temporary pond. Cicindela marutha was the species found to co-occur most frequently with each of the other pond-edge species except Cicindela haemorrhagica and C. viridisticta, yet according to mandible ratios, it should have been most compatible with C. viridisticta and C. punctulata. A total of 14 of the 39 (35.9Wo) species pairs with a mandible ratio < 1.2 were found together on the same pond on >10 of the censuses. However, only 2 of the 16 (12.5%) species pairs with a mandible ratio >1.2 were found together on the same pond on >10 of the censuses. These tiger beetle species, in contrast to the grassland species, showed convergence in mandible length. Species with similar mandible size occurred together more frequently than those with dissimilar mandible size (X2 = 1.03; P < .15). This convergence was also seen on the playa itself. Although C. willistoni was the only species generally restricted to this habitat, Cicindela praetextata, C. marutha, and C. haemorrhagica also occurred regularly far out on the playa. These latter species had the most similar mandible lengths to C. willistoni of all the pond-edge species (Fig. 6) .
To though not so significantly from C. scutellaris (P < .15). It was, however, rare (-0. 1 as common) relative to the other sand dune species as measured by random captures.
Next we compared sympatric tiger beetle species from arid northeastern Kenya. Two large species (Cicindela dongalensis and Cicindela regalis) occurred along the sandy banks of the Galena River. They showed considerable overlap and little difference in median body length (P < .15) (C. dongalensis = 14.60 mm; C. regalis = 15.95 mm). Their mandible lengths, however, showed no overlap and a divergence in median length (P < .01) typical for sympatric species of different size classes (C. dongalensis = 4.00 mm; C. regalis = 3.15 mm) with a ratio of 1.27 (Fig. 8) .
DISCUSSION
These observations and measurements clearly indicate the nonrandom distribution and sympatry of adult tiger beetle species by mandible size. Since these experiments also show a close correlation between mandible size and prey size, the distribution of base resources is likely an important factor in selecting for The ramifications and interpretations of convergence among sympatric Arizona pond edge species, in contrast, are more subtle and are likely not to involve direct competition for food. Here the narrow range of prey size probably prevented divergence in mandible size. This conclusion was reinforced by the presence of the most similar sympatric tiger beetle species on the edges of temporary ponds, where insect prey were of the narrowest size range of the habitats measured. The presence of concentrations of tiger beetles on these permanent and temporary pond edges also attracted large numbers of predators such as robber flies, lizards, and birds (personal observation). These predators may have further minimized interspecific competition (Paine 1974 , Wilson 1975 ) as well as selected for minimum exposure to predation through maximum foraging efficiency.
If interspecific competition was important among the pond-edge species, it was likely to be for an alternate limiting resource such as oviposition site. In some tiger beetle species, ovipositor morphology might then be a more appropriate character in which to observe and measure divergence. S. R. Leffler, University of Washington, Seattle (personal communication) has shown some correlation between breadth of the ovipositor and soil type (coarse, fine, etc.) in which oviposition occurs for a few tiger beetle species.
In the grassland habitat predation was also a factor (Shelly and Pearson 1978), but both the dispersed pattern of the prey and the broad range of potential prey size classes may have placed food gathering characters under strong selective pressure for divergence. As previously indicated for other organisms (Roughgarden 1972 , Wilson 1975 , larger tiger beetle species have in some respects a distinct competitive advantage over smaller species. Since mandible length does not affect the lower range of prey size as much as the upper range, larger species can take a broad range of prey sizes, but the smaller species are limited to the smaller size prey. This asymmetric resource use is likely offset somewhat by energetic costs to larger tiger beetles in pursuing small prey. This energetic relation between tiger beetle size and available prey size may be part of the explanation why the most universal of the species within Sulphur Springs Valley was a medium-size species, C. nigrocoerulea, and not one of the large species. The largest species (C. obsoleta, C. pulchra, and C. willistoni) each occurred in few habitat types.
We have raised several questions that indicate divergence in mandible length is not the only character by which selection could have acted to permit co-occurrence. As a part of competition for oviposition site and/or food, dispersion ability to newly formed ponds might be important (wing length, nocturnal flights). At >90o of these newly formed ponds, we found that either C. praetextata or C. marutha was the first species to arrive. Thermoregulatory ability (leg length, body color, body size, myothermy) and temporal subdivision of resources could be involved in divergence as well. Cicindela pimeriana, for instance, reached its highest population levels in mid-September to October when the adults of all the other species in the valley were at low numbers or no longer active. On a shorter time scale, C. haemorrhagica often became active earlier in the morning than other pond-edge species.
No simple generalization is yet possible to explain overall patterns of convergence and divergence among tiger beetle assemblages. An understanding of the combined effect of factors such as competition, predation, and thermoregulation together with longterm studies over several seasons will be necessary before broad generalizations and causes for the observed patterns can be clearly stated.
